Abstract. Amino acids are released during the decomposition of soil organic matter and have been shown to be utilized as a nitrogen source by some non-mycorrhizal species in the family Cyperaceae (the sedge family). Twelve out of 13 Cyperaceae species examined in the current study were capable of absorbing soil amino acids in the non-mycorrhizal state. With two exceptions (two species in the genus Kobresia), species from subalpine or alpine habitats exhibited lower rates of total nitrogen uptake compared to species from more temperate habitats, which is possibly explained by lower growth rates in the alpine and subalpine species and a lower overall demand for soil nitrogen. The alpine and subalpine species exhibited higher rates of glycine uptake relative to NH 4 ϩ and NO 3 Ϫ uptake, compared to species from the more temperate habitats. This may reflect specialization toward the uptake of organic N in the alpine and subalpine species.
INTRODUCTION
Through recent studies, it has become evident that soil amino acids are a principal source of nitrogen for certain plants. Though this has been known for sometime in mycorrhizal, heathland species (Read 1993) , it is also a feature of non-mycorrhizal plants from arctic and alpine ecosystems (Chapin et al. 1993 , Kielland 1994 , 1997 , Raab et al. 1996 . These systems are similar in that N mineralization rates are heavily con- Manuscript received 14 May 1998; revised 4 September 1998; accepted 22 September 1998. 1 Address reprint requests and correspondence to this author at Department of EPO Biology, Campus Box 334, University of Colorado, Boulder, Colorado 80309-0334 USA. strained by climate, and plant N demands cannot be met through the uptake of inorganic ions.
A number of issues remain to be elucidated concerning the utilization of soil amino acids by plants. First, it is not clear how widespread amino acid uptake is among species native to habitats across a wide range of soil organic matter content. Second, it is not clear what controls amino acid concentrations in certain soils. One can assume that accumulation indicates an imbalance between the processes that supply amino acids (e.g., proteolysis by soil enzymes) and those that consume or bind free amino acids (e.g., uptake by plants and microorganisms and adsorption to the soil). However, the relative magnitude of these processes has not been assessed in past studies.
In the studies described here, several aspects of soil amino acid utilization were explored. The capacity for non-mycorrhizal amino acid uptake was studied in 13 species of the family Cyperaceae to discern whether this trait is widespread within a group of plants previously shown to exhibit the trait. In addition to measurements of amino acid uptake, measurements were made for the uptake of NO 3 Ϫ and NH 4 ϩ , to determine the maximal physiological capacity for the uptake of organic N relative to inorganic N. For eight of the species, which are native to three different ecosystems in Colorado (alpine tundra, shortgrass steppe, and subalpine fen), the abundance and seasonal dynamics of soil amino acids were measured in soil pore water. This permitted us to test the hypothesis that soil amino acids are available for plant uptake in ecosystems other than the arctic and alpine. Finally, studies were conducted on the effect of soil protein concentration on proteolysis rate, interactions of amino acids with the exchange complex of the soil, and the combined implications of these processes for amino acid availability.
MATERIALS AND METHODS

Study site descriptions
The alpine studies were conducted in the Colorado Front Range at the Niwot Ridge Biosphere Reserve (40Њ03Ј N, 105Њ35Ј W; 3550 m elevation). The studies were conducted in dry meadow habitats, which are blown free of snow during much of the winter, and are covered with dense tussocks of the circumpolar sedge Kobresia myosuroides (Vill.) Fiori and Paol. The meadows are not subject to the influence of permafrost. Soils at the site are classified as Pergelic Cryumbrepts and Pergelic Cryochrepts (Osburne and Cline 1959 , Burns 1980 , Birkeland et al. 1989 . Microlysimetry studies were conducted in four different dry meadows at the Niwot Ridge site. The meadows were separated by at least 0.2 km. Within each meadow 10 microlysimeters were installed at 1-m intervals along a linear transect. Climate data for Niwot Ridge have been published by Greenland (1989) .
Studies of a subalpine, minerotrophic fen were conducted at High Creek Fen in Park County, Colorado (39Њ15Ј N, 106Њ02Ј W; 3100 m elevation). Soils at the fen are classified as Histic Cryaquolls built on alluvium and glacial outwash (Leo Kott, Natural Resources Conservation Service, Cripple Creek, Colorado, personal communication) . Climate data provided by the U.S. Forest Service at Fairplay, Colorado (15 km N of the fen site) indicate a montane climate with mean annual precipitation of 28-43 cm, and mean annual temperature of 2Њ-4ЊC. Two transects chosen for microlysimeters occur in an area of frequent hummocks (Hi Fen) dominated by Kobresia simpliciuscula (Wahlenb.) Mack and Carex microglochin Wahlenb., as well as a low-lying, wet meadow (Lo Fen) dominated by Eriophorum angustifolium Honck. and Carex aquatilis Wahlenb. Five microlysimeters were installed at 1-m intervals along a linear transect at each of these two fen sites.
Studies of the shortgrass steppe ecosystem were conducted at the Central Plains Experimental Range, in northeastern Colorado (40Њ42Ј N, 104Њ46Ј W; 1640 m elevation). The studies were conducted at the base of a slope contained within an enclosure that has been protected from grazing since 1976. The soils are classified as Pachic Argiustolls (Schimel et al. 1985) . The site is dominated by Carex stenophylla Wahlenb. ssp. eleocharis (Bailey), Carex fillifolia Nutt., Agropyron smithii Rydb., Bouteloua gracilis (H.B.K.) Lag, and Buchloe dactyloides (Nutt.) Englem. Ten microlysimeters were buried at 1-m intervals at this site.
Three of the Cyperaceae species that were studied (Cyperus halpan L., Gahnia gahniformis (Gand.) A. Heller, and Carex wahuensis C.A. Mey) were collected as rooted cuttings in Hawai'i Volcanoes National Park (19Њ32Ј E, 155Њ15Ј W, 1200 m elevation). This site is classified as tropical dry forest, with a more detailed description provided in Ley and D'Antonio (1998) . Three additional species (Carex canescens L., Carex rhynchophysa C. A. Mey, and Cyperus strigosus L.) were grown from seed obtained from the USDA Western Regional Plant Introduction Service in Pullman, Washington.
Microlysimetry of the rooting zone and analysis of inorganic and organic N fractions
Microlysimeters (Rhizosphere Research Products, Wageningen, The Netherlands) were installed at 10-cm depth in the A-horizon at all study sites. At least 4 mo elapsed between the time of installation and solution sampling. Sampling was conducted from May to October 1996 for the alpine and fen transects and from April to September 1996 for the shortgrass steppe transect. The microlysimeters (10 cm length, 2.3 mm diameter) are constructed of a porous polymeric material that allows collection of filtered (to 0.2 m) soil-pore water above tensions of Ϫ0.1 MPa. Using the Luerlock connections on the microlysimeter for insertion of a hypodermic needle, soil water was collected in 7 mLdraw sterile, evacuated collection tubes (Terumo Venoject, Elkton, Maryland).
As collected, soil-pore water samples had volumes ranging from 0.5 to 6 mL. Prior to freezing at Ϫ20ЊC for storage, the samples were divided into 0.2-0.5 mL aliquots (the exact volume depended on the intended assay protocol) and placed into sterile Eppendorf microtubes for the various analyses. Samples were measured within 72 h of collection. Nitrate was assayed using EPA Method 300.0 (O'Dell et al. 1984 ) on a Dionex 3500I ion chromatograph (Dionex Corporation, Sunnyvale, California) utilizing suppressed conductivity detection, as described in Raab et al. (1996) . Ammonium was assayed on a Molecular Devices (Molecular Devices Corporation, Sunnyvale, California) spec-THEODORE K. RAAB ET AL. trophotometric plate reader at 650 nm using the phenolhypochlorite chemistry of Solorzano (1969) . Amino acids were measured using reversed-phase high pressure liquid chromatography (HPLC) on a Beckman System Gold (Beckman Coulter Incorporated, Fullerton, California) following derivatization with 4-dimethylaminobenzene-4Ј-sulfonyl chloride (DABS). Samples were separated on a thermostated (35ЊC) 25 cm long C 18 column (5 m) using an acetate/methanol/ tetrahydrofuran gradient (Chang et al. 1983 ).
Nutrient-uptake measurements
Plants used in the uptake experiments were established from seed or cutting, as indicated in Table 1 . Seeds were cold scarified for 1 wk and sown in a soilless potting mix (2:2:1 of vermiculite/perlite/zeolite). Alternatively, cuttings of plants growing in the field were trimmed to the root crown to eliminate existing leaves and roots. After an initial establishment in the greenhouse under a misting apparatus, the resultant plants were grown in the growth chamber or greenhouse. Plants from the alpine ecosystem were grown in an environmentally controlled growth chamber (Conviron, Ashville, North Carolina, model E-15) programmed to provide a photon flux density (400-700 nm) of 550 mol·m Ϫ2 ·s Ϫ1 and a 15Њ/9ЊC thermoperiod with a 15-h photoperiod, for 4 mo prior to measurement. Plants from the shortgrass steppe and subtropical ecosystems, and the one species from North Carolina, were grown in a glasshouse with temperature programmed to 25Њ-30ЊC and natural photon flux densities and photoperiod. All plants were watered 1-2 times per week as needed with distilled water, and fertilized once per week with one-eighth strength, modified Hoagland's solution as described in Raab et al. (1996) .
At the time of the nutrient uptake experiments, plants were removed from their potting mix, and the roots rinsed with 50 mmol/L KCl to remove adhering particles. Intact plants were suspended in a 1200 mL aerated, temperature-controlled hydroponic cuvette containing a solution of 100 mol/L CaSO 4 (2H 2 O), and 125 mol/L of either KNO 3 , NH 4 Cl, or glycine. All uptake solutions were prepared with 18 M⍀ (tissue culture) grade water. Levels of [Ca 2ϩ ] Ն 100 mol/L are often recommended for hydroponic uptake experiments to insure root membrane integrity (Epstein 1961) . The N concentration (125 mol/L) that was used for the uptake experiments was chosen as the highest level observed in field collections from the microlysimeters. Using a thermostated, circulating water bath that forced water through a jacket of copper tubing encircling the cuvette (though not in contact with the plant or solution), solution temperature was maintained at 15ЊC for all species. After a 2-h initial equilibration, samples of 1-mL volume were removed from the cuvette at 1-2 h intervals over 24 h, and frozen until analyzed. Amino acid concentration of the samples was measured using HPLC as described above. Ammonium was routinely determined (but rarely observed) on amino acid uptake samples by the plate reader method described above. The root cuvette was cleaned after each experiment with 2.5% aqueous sodium hypochlorite followed by rinses with deionized water. Aluminum foil and modeling clay limited light transmission to the root zone. Microbial growth was never observed in the hydroponic system when using NH 4 ϩ , NO 3 Ϫ , or glycine. However, preliminary experiments with glutamate demonstrated visible turbidity after Ͻ20 h, and thus was not considered further for uptake comparisons. Several other amino acids (e.g., glutamine and lysine) observed in the soil are also unstable (over 16-30 h) in hydroponic experiments. (Our preliminary studies indicate that glycine is a poor substrate for microbial respiration or growth when included in native soil, or aqueous or gelatinous media [D. A. Lipson, S. K. Schmidt, R. K. Monson, unpublished results] .) In numerous previous experiments, measurements were conducted to determine if glycine in the root cuvette was mineralized to NH 4 ϩ during uptake measurements (Raab et al. 1996) . In no case has measurable mineralization been observed over the time course of the uptake experiments. Plant root growth was frequently observed through measured increases in root length during the course of several preliminary, long hydroponic experiments. Thus, there is no evidence that the hydroponic procedures used in this study are injurious to the plants. Uptake rates were calculated as described previously (Raab et al. 1996 ) based on linear rates of depletion utilizing a minimum of eight time points. Curvilinear behavior was only observed in some experiments at 80-90% depletion. Data from curvilinear patterns were not used in the rate calculations.
All species were examined for the presence of mycorrhizae. One month after establishment, samples of roots were removed from two individuals of each species and either examined immediately, or preserved in 90% formalin, 5% acetic acid, and 5% ethanol (FAA) for later inspection. After staining with trypan blue (Mullen and Schmidt 1993) , the roots were examined under a dissecting microscope. No colonization was observed for ectomycorrhizae or arbuscular mycorrhizae.
Soil properties
Soil C and N contents were measured along all four of the alpine dry meadow sites and at the shortgrass steppe. Replicate soil cores were hand-augered to 15 cm depth and sieved to Ͻ2 mm. Samples of 25-27 mg were combusted on a Europa Scientific Tracermass isotope-ratio mass spectrometer (Crewe, United Kingdom) at the University of California, Berkeley. Due to the extremely low bulk density and high C content of the fen soil, it was not possible to obtain N measurements for this site by combustion, as the tin capsules often occluded the furnace inlet.
Soil protease activity was determined at 3-4 wk intervals from May to October 1997 along the four alpine dry meadow transects. For the subalpine fen and shortgrass sites, complete seasonal analyses for soil protease activities were not conducted. Rather, values were determined during the last week of August for the subalpine fen site, and the first week of September for the shortgrass steppe site. Amino acids were only observed during the late summer months at these two sites (data discussed later), and so the protease sampling scheme was designed to reflect this observation. Replicate soil cores were obtained from three points along the microlysimetry transects and assayed within 24 h of collection both with (''potential'') and without (''native'') protein amendment as casein. For the alpine soils, 2-3 g of soil were solubilized at a 1:5 (soil : buffer) ratio in 50 mmol/L Na-acetate buffer (pH ϭ 5.2, the mean pH of saturation pastes from the alpine sites) and 0.4 mL of toluene, and were incubated at 3ЊC for 12-18 h. For the fen and shortgrass steppe soils, 50 mol/L potassium phosphate buffer (pH ϭ 7.5) was substituted in the assay to better match the pH of the fen and steppe soils. Ninhydrin analysis (Rosen 1957 ) of the supernatant after centrifugation allowed quantification of soluble ␣-amino N release. Soil protein was determined following a 1-h extraction under continuous shaking in 1 mol/L NaOH at a 1:5 (soil : solution) volumetric ratio. Following centrifugation at high speed, the supernatant was diluted 100-fold, and analyzed for protein concentration using the method of Bradford (1976) .
Soil moisture was determined by time-domain reflectometry (TDR) using a Tektronix (Beaverton, Oregon) 1502C metallic cable tester. Signals from the three-rod, stainless steel TDR probes (rods ϭ 0.3175 cm in diameter, 10 cm in length) were propagated over 50⍀ coaxial cable. Transects of seven TDR probes at each of the four alpine dry meadow sites were permanently installed in July 1995. The soil dielectric constant was converted to gravimetric water content using calibration curves obtained from soil cores (Dalton and van Genuchten 1986) . Measurements of soil moisture content were made at monthly intervals throughout the 1996 growing season.
Partitioning of NH 4 ϩ , and the amino acids glycine and glutamate, between the solid and liquid soil phases was measured using an initial mass isotherm technique (Nodvin et al. 1986) . Replicate cores of A-horizon soils from three of the four alpine transects were screened to Ͻ2 mm, and 1-g subsamples autoclaved in 10 mL of a 10 mmol/L CaCl 2 solution (pH ϭ 5.5). Filtered (0.2 m) aliquots of various starting concentrations (0-1 mmol/L) of either NH 4 ϩ or amino acids ((L)-glutamate or glycine) were added to each soil/solution sample, and mixed on a reciprocating shaker at 20ЊC for 2 h. Solids were pelleted in a centrifuge at 5000 g, and the resulting supernatant quantified for the compound of interest as described above. Solid-liquid partitioning coefficients (K d , L/kg) were calculated as [10m/(1 Ϫ m)], where m is the slope of curves from Fig. 8 .
Statistical analysis
Significant differences among means of uptake rates for different species were tested using Tukey's student-THEODORE K. RAAB ET AL.
FIG. 1. Uptake rates for NH 4
ϩ (horizontally striped bars), NO 3 Ϫ (diagonally striped bars), and glycine (solid bars) among 13 sedge species. Plants were compared at an initial concentration of 125 mol/L for each N form. Each bar represents the mean ϩ 1 SE for n ϭ 3-5 individual plants, with values expressed per unit root dry mass. Species designation is according to the numbered sequence presented in Table 1. ized range test. Group differences (i.e., differences between the pooled subalpine and alpine species vs. the pooled temperate and subtropical species) were tested using ANOVA on mean values for each species. Differences in protease activity between alpine sites over all sampling dates were analyzed by repeated measures ANOVA, using mean values for each sampling date. Minimum and maximum soil moisture contents, and differences among sites for total soil C or N were tested using ANOVA. Relationships between variables were tested using regression analysis. All statistical analyses were performed using SAS procedures, ANOVA, REG, and UNIVARIATE.
RESULTS
Measurements of N uptake by 13 species of the Cyperaceae
Most species that were tested had the capacity to take up all three forms of N: NO 3 Ϫ , NH 4 ϩ , and glycine (Fig. 1) . However, there were exceptions to this pattern. As noted previously, the alpine sedge Kobresia myosuroides lacks the ability to take up NH 4 ϩ (Raab et al. 1996) . This does not appear to be a general feature of alpine sedges, as both Carex rupestris and Carex albonigra could take up NH 4 ϩ . Nor is it a general feature of the genus Kobresia, as K. simpliciuscula, a subalpine sedge could take up NH 4 ϩ at nearly the same rate as glycine. One of the 13 species, the subtropical sedge Gahnia gahniformis, did not take up glycine at measurable rates. There appeared to be a tendency for the three subalpine and two of the alpine species to exhibit low rates of total N uptake, irrespective of the type of N, compared to species from more temperate habitats in the shortgrass steppe, the swamp of North Carolina, and subtropical Hawai'i (P Ͻ 0.03). Exceptions to this pattern were found for the two Kobresia species, which assimilated N at relatively high rates despite being native to subalpine and alpine habitats. (When isolated as a group, the two Kobresia species exhibited total N uptake rates that were not different from the temperate and subtropical species [P Ͼ 0.05].) As a group, the alpine and subalpine species exhibited significantly higher rates of glycine uptake compared to NO 3 Ϫ and NH 4 ϩ (P Ͻ 0.05). Caution should be used in interpreting the relative rankings of species based on the experiments reported here. It is possible that the rankings would change given measurements with different concentrations of NH 4 ϩ , NO 3 Ϫ , and glycine in the uptake cuvette.
Abundance and seasonal pattern of NO 3
Ϫ , NH 4 ϩ , and amino acids in the soil-pore water of alpine, subalpine fen, and shortgrass steppe soils During the 1996 growing season, measurable amino acid concentrations were observed in the soil-pore water for at least one site among the four alpine dry mead- ows during all months of the growing season (Fig. 2) . Only during the middle of the summer, however, were amino acid concentrations higher than those for NO 3 Ϫ and NH 4 ϩ . The only amino acids detected in the soilpore water at concentrations Ͼ10 mol/L (an arbitrary threshold for assessing the importance of amino acids to the N composition of soil-pore water) were glycine and glutamate, with glycine generally twice as abundant as glutamate (data not shown). At the subalpine fen, NO 3 Ϫ was the dominant N species in the soil-pore water early in the summer, with NH 4 ϩ dominating later in the summer. Amino acids were only observed late in the summer, and at concentrations that matched those for NO 3 Ϫ and NH 4 ϩ . The only amino acid that was detected at this site in concentrations Ͼ10 mol/L was aspartate. At the shortgrass steppe site, NO 3 Ϫ dominated the N composition of soil-pore water at all but the earliest sampling dates. In general, NH 4 ϩ was low in concentration, or not detectable. Amino acids were detected only during the latter portion of the growing season, being present at concentrations Ͻ25% those of NO 3
Ϫ . The only amino acid present in concentrations Ͼ10 mol/L was glutamate.
The four alpine transects differed in the pattern with which amino acids were present in the soil-pore water across the season (Fig. 3) . At the E and W sites, amino acids were only observed early in the growing season. At the B site, amino acids were present early and late, but not during the middle of the season. At the N site, amino acids were present during the entire latter half of the season. The sites also differed with respect to the concentration of amino acids in the soil-pore water that was collected. At the N site, concentrations reached a maximum of 158 mol/L, whereas concentrations at the W site never exceeded 30 mol/L. Glycine dominated the amino acid spectrum of the alpine.
Soil properties and soil protease activities
The four alpine dry meadows differed with respect to soil moisture dynamics and the C and N content of the A soil horizon (Fig. 4) . Site W had a thinner A horizon than the other sites, with concomitantly lower soil moisture contents. Site E exhibited the highest maximum and minimum soil moisture contents of the four sites. Site W also exhibited lower C and N contents in the A horizon relative to the other sites. The C:N ratio of the soils ranged from 8.5 for the N site to 14 for the W site. Within the four alpine dry meadows there was no significant correlation between the NaOHextractable protein fraction of the soil and the maximum or minimum soil moisture status or the total carbon content (P Ͼ 0.05). When analyzed for five of the study sites (the four alpine sites, and the shortgrass steppe site), soil NaOH-extractable protein concentrations were significantly correlated with total N content (Fig. 5) . (Total N data was not available for the subalpine fen site.)
Soils from all four of the alpine dry meadows exhibited higher protease activities when supplemented with casein (P Ͻ 0.05), although there were no differences among sites with respect to native or potential (casein-amended) protease activities (Fig. 6) . The relationship between NaOH-extractable protein and protease activity was linear when expressed across sites from all three ecosystems (Fig. 7) . The subalpine fen and the shortgrass steppe soils contained lower amounts of protein and proportionately lower native protease activity.
Alpine soils from three of the dry meadow transects retained glycine and glutamate to a higher degree than NH 4 ϩ (P Ͻ 0.05) (Fig. 8) . (Measurements were not made for the fourth alpine transect.) Retention by these alpine soils ranged from 50 to 72% of the added amino acid following a 2-h incubation. In contrast, retention for NH 4 ϩ ranged from 30 to 45%. Retention of both amino acids and NH 4 ϩ was linearly dependent on the amount of added compound. There were only slight FIG. 5 . NaOH-extractable protein in relation to total N for the four alpine dry meadow sites (designated as W, E, N, and B) and the shortgrass steppe site (designated as S). Data were not available for the subalpine fen site. Horizontal and vertical bars represent Ϯ 1 SE for n ϭ 10. Data were collected during early July for the alpine sites and during late August for the shortgrass steppe site, the approximate times of maximum soil protease activities.
FIG. 6. The ratio of native to casein-amended activities of soil protease for the four alpine dry meadow sites. Values represent the seasonally averaged activity ϩ 1 SE determined from measurements at 3-4 wk intervals from May through October 1997 at three points along each of the microlysimetry transects. All activities were determined at 3ЊC. Only at the W site was the ratio marginally significant (P ϭ 0.08) in comparison to the other sites.
FIG. 7. Soil protease activity in relation to NaOH-extractable protein for six different sites (the four alpine dry meadow transects represented as N, B, E, and W; the subalpine fen represented as F; and the shortgrass steppe represented as S). Horizontal and vertical bars represent Ϯ1 SE for n ϭ 10. In order to standardize for temperature effects on protease activity, all assays were conducted at 3ЊC. Measurements were made on samples collected the same day for all sites in early July for the four alpine sites, and in late summer for the subalpine fen and shortgrass steppe sites. Thus, the measurements were made near the time of seasonal maximum protease activity for all sites. and nonsignificant (P Ͼ 0.05) differences in the retention patterns for soils from the different dry meadow sites.
DISCUSSION
Amino acid uptake by the roots of Cyperaceae species
Several past studies have demonstrated that plants in certain ecosystems have the capacity to utilize organic compounds as a nitrogen source (e.g., Abuzinadah and , Bajwa and Read 1986 , Chapin et al. 1993 , Kielland 1994 , Raab et al. 1996 , Schmidt and Stewart 1997 , Nasholm et al. 1998 ). To date, these studies have focused on four ecosystems: ericaceous heath, the arctic tundra, boreal forest, and the alpine. All four of these ecosystems are characterized by soils high in organic matter, with strong seasonal constraints on microbial mineralization. In the case of ericaceous heath and boreal forest, mycorrhizal associations between plants and fungi also contribute to a tight symbiosis whereby plant utilization of organic N is facilitated by fungal uptake (Read 1993) . Other than a general recognition of the importance of organic N in these ecosystems, little is known about this mode of nutrition in other ecosystems, the soil processes that promote organic N availability, and the capacity for retention of organic N in different soils.
The results of the current study demonstrate that within a phylogenetically restricted group of plants the capacity for amino acid uptake is widespread but highly variable. Of the 13 species of Cyperaceae that were assayed, only one lacked the ability to take up glycine. Kielland (1994 Kielland ( , 1997 observed amino acid uptake in nine different arctic tundra species. In the current study, mycorrhizal fungi were absent in all of the studied species. The widespread nature of glycine uptake among the species surveyed in this study, and those surveyed in the Kielland (1994) study, suggests that the limiting factor to organic N uptake may not rest in the inability of roots to absorb organic compounds. Rather, the limiting factor is likely to reside in the availability of amino acids in the soil, which in turn is controlled either by rates of proteolysis or the exchange of amino acids between the solid and liquid phases.
The fact that we identified one sedge species as being incapable of absorbing glycine, and that there was THEODORE K. RAAB ET AL. FIG. 8 . N-retention isotherms for soil from three of the four alpine dry meadow sites. The amount of initial N that was added and that is retained or released from the incubated soil is represented on the y-axis. The slopes for glycine and glutamate are not significantly different from each other (P Ͼ 0.05) but are significantly different from that for NH 4 ϩ (P Ͻ 0.05).
broad variation in glycine uptake rates among species, indicates that the capacity to utilize glycine is under genetic control and is potentially subject to selection in different ecological conditions. In this study, we were able to discern two ecological trends in the distribution and magnitude of the trait. In general, the subalpine and alpine species exhibited lower rates of glycine uptake, compared to the species from more temperate habitats. This appeared to be a consequence of higher N uptake rates in general in the temperate species, since the rates of NO 3 Ϫ and NH 4 ϩ uptake were also higher. It is likely that the temperate species exhibit higher growth rates than the alpine and subalpine species (though this was not quantitatively measured). If this is the case, then the higher rates of glycine uptake in temperate species may be more reflective of evolutionary influences on plant growth pattern than evolutionary response to unique features of the organic N content of temperate soils compared to subalpine and alpine soils.
The one exception to the low rates of N uptake in subalpine and alpine species occurred in the genus Kobresia. Both the alpine and subalpine Kobresia species exhibited high rates of N uptake, especially with respect to glycine. The physiological reason for these high uptake rates is unknown. The fact that these high rates seem to stand out compared to other ecologically similar species, and that they occur in congeners, suggests that they are due to selection in some past environment with retention due to phylogenetic inertia. When considered as a group, the alpine and subalpine species exhibited higher rates of glycine uptake relative to NO 3 Ϫ or NH 4 ϩ uptake. This may reflect evolution toward specialization on the uptake of organic N, relative to inorganic N in these species.
Soil processes and pool sizes of amino acids
Of the three different ecosystems that were studied, amino acids were most abundant in the alpine soils, being present at measurable quantities at all times during the growing season (Fig. 2) . Among the four alpine dry meadows there was considerable variability in the amount and timing of amino acid availability (Fig. 3) . Although these results could be used to suggest highly stochastic patterns in the availability of amino acids, we would advocate caution. Measurements using microlysimeters are somewhat conservative in their estimate of amino acid availability. This is because soilpore water has to be relatively abundant for the microlysimeter to yield a measurable sample. It is likely that plants can generate a matric potential low enough to extract nutrients at soil moisture contents that would not yield a measurable microlysimeter sample. When all four alpine meadows are considered, there were 40 microlysimeters available for sampling. During the growing season, these microlysimeters were checked weekly over a 14-wk period for the presence of measurable sample. Of the approximately 600 checks that were made on these microlysimeters, only 32 collections were made during 1996, with 21 yielding detectable amino acids. Thus, the presence of amino acids in the microlysimeter samples should be taken as evidence that the soil-pore water of alpine dry meadows frequently contains amino acids, but the precise temporal pattern of availability cannot be discerned. When combined with the observations that alpine sedges are capable of absorbing amino acids, the microlysimetry results support the conclusion that amino acid N is indeed an important component of the alpine sedge N budget.
To place the possible use of amino acid N into the broader context of the alpine N cycle, one can calculate the rate of proteolysis required to satisfy the annual N requirement of Kobresia myosuroides. The annual N requirement for K. myosuroides in the dry meadow habitat of Niwot Ridge, Colorado is 3.3 g N/m 2 (Fisk et al. 1998 ). Using our measurements of the soil bulk density (0.5 g/cm 3 ), assuming Q 10 ϭ 2 for soil proteolysis and an effective rooting depth of 10 cm, and scaling measured alpine proteolysis rates (unamended, at 3ЊC) to a seasonal sinusoidal temperature regime with a snow-free season of 100 d, we estimate annual turnover of protein N to be 42 g N/m 2 . Thus, K. myosuroides could obtain all of its required N from 5-6% of annual proteolysis. (Much of the N released from proteolysis has been shown to be immobilized by summer rhizosphere bacterial populations [Lipson and Monson 1998 ].)
At the subalpine fen and shortgrass steppe sites, amino acids were only present in soil-pore water late in the growing season. At these sites, amino acid availability was never observed to be as high as that for the alpine soils. Furthermore, unlike alpine soils, glycine was not the most abundant amino acid. Past measurements have shown that non-mycorrhizal roots of some sedges can take up glutamate, in addition to glycine, but at considerably slower rates (Kielland 1994 , Raab et al. 1996 . Thus, sedges at the shortgrass steppe site may be capable of utilizing glutamate as a source of N late in the growing season, though perhaps not as effectively as the case for glycine uptake by alpine plants. Measurements of uptake rates for aspartate, the most abundant amino acid at the subalpine fen site, have not been conducted for our sedge species, though Kielland (1994) observed significant aspartate uptake in excised roots of Carex aquatilis and Eriophorum vaginatum. Kielland (1995) then considered amino acid concentrations in water extracts of four different Alaskan ecosystems, and observed serine, glycine, aspartate, glutamate, and arginine to account for Ͼ50% of the free amino acid pool. Vermudolls of the Jura Mountains extracted with K 2 SO 4 likewise possessed alanine, glycine, and glutamate as major components of the rapid-turnover N fraction (Lemaitre et al. 1995) .
The abundance of soil protein at the six study sites explained much of the variation in protease activity. Soil protein content was also highly correlated with total N content. Thus, total N content and concomitantly protein availability, appear to limit amino acid generation through soil proteolysis. This is supported by the fact that protein supplementation stimulated soil protease activities at all study sites. The fact that neither native nor casein-amended rates varied among alpine sites suggests that other factors influence expression of this activity in situ. Additional factors that may influence protease activities are pH, metal availability, and soil temperature.
Once freed from the protein fraction, amino acids appear capable of relatively high retention on the alpine soil matrix (Fig. 8 ). An index of the tenacity with which nutrients are retained in the soil is the solid-liquid partition coefficient (the so-called K d value) which is derived from the slope of the adsorption isotherms presented in Fig. 8 . With respect to NH 4 ϩ retention, K d values have been measured as 4 L/kg for volcanic soils in New Zealand (Theng 1972 ) and 0.25-0.5 L/kg for flooded rice soils in the southeastern United States (Rao et al. 1984) . These values are interpreted to indicate that NH 4 ϩ is tightly bound to the solid matrix, and considerably less available for plant uptake in the volcanic soils, with higher availability in the flooded rice field soils. The calculated K d for NH 4 ϩ in the alpine soils of this study ranged from 4 to 17 L/kg among three of the four alpine dry meadows that were studied, indicating strong retention of NH 4 ϩ . The calculated K d values for amino acids ranged from 12 to 24 L/kg for glycine and 12 to 21 L/kg for glutamate. The only other studies of which we are aware that have derived the K d for amino acids have calculated a value of 6 L/kg for glycine retention on the clay mineral montmorillonite (Greenland et al. 1965) , and 2.9 L/kg for glycine retention on a spodic B-horizon (Jones et al. 1994) .
When taken together, the K d indices for NH 4 ϩ and amino acids in the alpine dry meadow soils reflect an important role for the soil in adsorbing and retaining nitrogen compounds. Past studies using 15 NH 4 ϩ have also demonstrated that alpine dry meadow soils represent strong competitive sinks for inorganic N. Jaeger et al. (1998) found that during June when soils were still relatively moist, 15 NH 4 ϩ that was added to the soil was readily assimilated by plants and microorganisms (83% of the label was recovered in these fractions). However, by early August, when the soils were drier and plants had reached their maximum seasonal biomass, most of the added 15 NH 4 ϩ label was retained by the soil and was not available for uptake by plants or microorganisms (35% of the label was recovered in the plant and microbial fractions). In a second study, Lipson and Monson (1998) added dual-labeled glycine ( 13 C and 15 N) to microcosms containing alpine dry meadow soils from the same site used in the current study, and recovered 43% of the 15 N label in the bulk soil. Such high retention may be common for soils with high organic content. Sposito (1989) has concluded that in soils with organic matter content Ͼ8%, increasing organic matter controls adsorption and retention of cations compared with the clay fraction. The nature of the interaction between organic matter and ion retention is not well understood, but sorptive preservation of amino acids (sensu Keil et al. 1994 ) may effectively decouple their production from eventual release to plants. In all of the studies discussed here, extraction of amino acids from the soil was accomplished with water. While this approach is most realistic with respect to those processes that control the appearance of amino acids in soil-pore water, it may be conservative with respect to the ability of plant roots to extract amino acids from the soil. The role of the soil as both a sink for the uptake of organic N and a reservoir from which organic N may be accessed by plants should become more clear through the use of measured K d values and soil protease activities to constrain soil nutrient transport models as they are used to assess the balance between soil amino acid generation and uptake to the plant, microbe, and soil fractions. This type of analysis is currently underway in our laboratory. THEODORE K. RAAB ET AL.
Conclusions
The results of this study support the hypothesis that the potential to take up soil amino acids by non-mycorrhizal roots is widespread in the Cyperaceae. Plants of this family are capable of absorbing amino acids in habitats other than the alpine and arctic, the most wellstudied situations, though compared to alpine ecosystems, the opportunities to utilize soil amino acids in the subalpine fen and shortgrass steppe ecosystems appear limited. In the alpine ecosystem, where we have obtained the most complete set of data, the soils possess relatively high capacities to generate amino acids through protease activity, which appears to be linked to the high N, and concomitant high protein contents, in these soils. The retention of soil amino acids may increase with elevated organic matter levels, leading to the conclusion that the soil functions in a dual role as both a reservoir for amino acids to be accessed by plant roots, and as an effective capacitor decoupling production of amino acids from their eventual release to plants and soil microorganisms.
